Using a population-based sampling strategy, the National Institutes of Health (NIH) Magnetic Resonance Imaging Study of Normal Brain Development compiled a longitudinal normative reference database of neuroimaging and correlated clinical/behavioral data from a demographically representative sample of healthy children and adolescents aged newborn through early adulthood. The present paper reports brain volume data for 325 children, ages 4.5--18 years, from the first cross-sectional time point. Measures included volumes of whole-brain gray matter (GM) and white matter (WM), left and right lateral ventricles, frontal, temporal, parietal and occipital lobe GM and WM, subcortical GM (thalamus, caudate, putamen, and globus pallidus), cerebellum, and brainstem. As sociations with cross-sectional age, sex, family income, parental education, and body mass index (BMI) were evaluated. Key observations are: 1) age-related decreases in lobar GM most prominent in parietal and occipital cortex; 2) age-related increases in lobar WM, greatest in occipital, followed by the temporal lobe; 3) age-related trajectories predominantly curvilinear in females, but linear in males; and 4) small systematic associations of brain tissue volumes with BMI but not with IQ, family income, or parental education. These findings constitute a normative reference on regional brain volumes in children and adolescents.
Introduction
The National Institutes of Health (NIH) Magnetic Resonance Imaging (MRI) Study of Normal Brain Development was initiated to provide a resource for the scientific community with which to address questions related to healthy pediatric brain development and further develop image-processing tools. This longitudinal multisite project, conducted by the Brain Development Cooperative Group (BDCG), is establishing a comprehensive, multimodal database of pediatric structural MRI, diffusion tensor imaging, and proton MR spectroscopy data together with concurrent clinical/behavioral data. The study employed a population-based strategy to recruit a sam ple that mirrored the demographic distribution of the US population. Imaging assessments were obtained in conjunction with comprehensive documentation of demographic charac teristics and assessments of clinical/behavioral characteristics (BDCG 2006; Waber et al. 2007 ).
The project comprises 2 coordinated protocols: ''Objective 1,'' the subject of this report, enrolled children and adolescents from 4 years and 6 months to 18 years and 3 months of age; ''Objective 2,'' performed at a subset of the Objective 1 study sites, enrolled newborns, toddlers, and preschoolers up to the age of 4 years, 5 months, thereby providing continuity with Objective 1 ). Both protocols included an accelerated longitudinal design (Harezlak et al. 2005 ) with multiple imaging and clinical/behavioral assessments and scanning and clinical/behavioral protocols repeated at intervals ranging from months to years, depending on the age of the child. Although similar domains of cognitive/behavioral func tioning were evaluated in the Objective 1 (older) and Objective 2 (younger) cohorts, specific age-appropriate clinical/behav ioral measures differed between them. More importantly, due to brain tissue contrast differences between the 2 cohorts, the imaging protocols were necessarily different. The contrast differences, particularly for the very young ages ( <3 years of age) require specialized segmentation algorithms for this population, which are under development. Given the differ ences in clinical/behavioral measures, MRI protocols, and image processing methods, results from Objective 2 data are not published here.
This report addresses cross-sectional age-and sex-related differences in whole-and regional brain volumes and relation ships to key socioeconomic and physical growth indicators for a demographically representative sample of 325 children, ages 4 years and 9 months through 18 years and 4 months based on data from the first cross-sectional time point for Objective 1. As such, it constitutes a normative reference for studies of healthy brain development and brain-based disorders derived from a larger data set and resource that is freely available to qualified researchers (www.NIH-PediatricMRI.org); see Data Access.
Materials and Methods
Participants Healthy children and adolescents (N = 433) were enrolled in Objective 1 at 6 Pediatric Study Centers (PSCs) across the United States: Children's Hospital, Boston; Children's Hospital Medical Center of Cincinnati; Children's Hospital of Philadelphia; the University of California at Los Angeles; the University of Texas Health Science Center at Houston; and Washington University Saint Louis. A Data Coordinating Center (DCC) at the Montreal Neurological Institute coordinated the imaging aspects of the study and consolidated the data into a centralized database. A Clinical Coordinating Center at Washington University Saint Louis coordinated the recruitment for the project and managed the clinical/behavioral arm of the study. Institutional Review Boards at all participating institutions approved all study protocols. Informed consent was obtained from parents or guardians and participants of adult age.
A population-based sampling plan was implemented to minimize biases that can be present in samples of convenience and thus maximized the generalizability of the findings. Data from the 2000 US Census (United States Census Bureau 2000) were used in conjunction with site-specific zip code--based demographic data (geocoding) to develop regional targets for recruitment (BDCG 2006) . In order to achieve a sample that approximated the demographics of the US population, zip codes within a 30-to 60-mile distance of each PSC were used to compile a demographic profile for each region by income, ethnicity, and race. These profiles were used in conjunction with national demographic data to develop a target sampling plan that defined the number of families to be recruited from low-, medium-, and high-income families. Ranges for low-, medium-, and high-income zip codes were chosen based on the Census. The sampling plan combined cross-sectional and accelerated longitudinal study design principles (Harezlak et al. 2005; BDCG 2006) and yielded a demographically representative, population-based healthy sample referenced to the Census. Volunteers were recruited into predetermined cells, whose distribution, based on family income levels (categorized as low, medium, and high) and race/ethnicity proportions within each level, approximated that of the Census. Low-income families (~25% of the sample) generally fell below the qualifying income for federal assistance (~1.5 times the poverty level), high-income families (~35%) were approximately 3 times the poverty level or higher, and medium-income families (~41%) were those in between (United States Department of Housing and Urban Development 2003). Equal numbers of males and females were targeted for each cell. As families were screened for recruitment, adjustments were made to account for regional differ ences in the cost of living and for family size using methods established by the Department of Housing and Urban Development (HUD). The recruitment process is described in greater detail elsewhere (BDCG 2006; Waber et al. 2007; www.NIH-PediatricMRI.org) .
Following the mailing of an introductory letter, rates of successful contact were similar across income groups. However, high-income families had elevated rates of initial and total refusals relative to medium-and low-income families across various stages of the recruitment process. In contrast, exclusion rates were higher in lowincome zip codes relative to middle-or high-income zip codes during the early stages of screening involving interviews for health-related factors and the completion of the Child Behavior Checklist (CBCL) to screen for exclusionary behavioral difficulties (Waber et al. 2007 ).
Strict and comprehensive inclusion/exclusion criteria were speci fied, representing factors that are established or suspected to adversely impact healthy brain development or that could prohibit completion of the full study protocol, for example, contraindications for MR scanning. Health and behavioral exclusions involved prenatal, birth, and perinatal history (including maternal substance use during pregnancy), medical and psychiatric disorders (e.g., attention deficit hyperactivity disorder (ADHD), internalizing/externalizing disorders, diabetes), poor aca demic functioning (e.g., special education placement), IQ < 70 (as measured with the Wechsler Abbreviated Scale of Intelligence), and a history of specific family medical and psychiatric disorders in firstdegree relatives. Children with heights, weights, or head circum ferences below the third percentile were excluded, but no upper limits were imposed. Detailed descriptions of inclusion/exclusion criteria have been previously reported (BDCG 2006; Waber et al. 2007 ). As noted above, exclusion rates were highest for low-income children.
Income and parental education (highest level of education achieved by either parent) were evaluated as predictors of brain volumes. Following enrollment, a continuous adjusted family income (AFI) variable that took into account both regional differences in the cost of living and the child's family size was derived for use in these analyses using data available from the US Department of HUD. Families with greater than four 4 members had their income adjusted downward by a percentage per family member, whereas those with fewer than four 4 family members had their income adjusted upward under the rationale that these numbers reflect income as related to need. This continuous AFI variable was computed as follows:
where Variable A is the midpoint of each family's self-reported income bracket, Variable B is the HUD adjustment factor for family size, Variable C is the local median family income for the Metropolitan Statistical Area in which the family resided at the time of the interview, and Variable D is the US median family income.
Body mass index (BMI), calculated as (Weight in kg)/(Height in m) 2 , served as an indicator of adiposity and was used in the analyses. Ageand sex-specific norms for BMI from 2000 available from the Centers for Disease Control (CDC) (http://www.cdc.gov/healthy weight/assessing/bmi/childrens_bmi/about_childrens_bmi.html) were used to classify individuals as underweight (less than the fifth percentile), normal weight (5th to 84th percentile), overweight (85th to 94th percentile), or obese ( >94th percentile) for descriptive purposes. Of the 173 females included in the analyses, 119 (69%) had a BMI within the normal range for sex and age, 4 (2%) were underweight, 30 (17%) were overweight, and 20 (12%) were classified as obese. Of the 152 males included in the analyses, 110 (72%) had a BMI within the normal range for sex and age, 7 (5%) were underweight, 17 (11%) were overweight, and 18 (12%) were obese.
Following the application of image quality control and an automated processing pipeline, complete multispectral MRI data sets (consisting of acceptable T1, T2, and proton density (PD) scans; see below) from 325 participants were analyzed for this report. Data set exclusions due to incomplete scanning sequences or inadequate quality were found to occur at random with respect to age (P = 0.32) and sex (P = 0.50). Table  1 summarizes sample distributions for the 325 participants by age, sex, family income, and race/ethnicity.
MRI Protocols
MR brain images at 1.5 T were acquired at the 6 PSC sites without sedation with a 30-to 45-minute protocol (Table 2 and BDCG 2006) . A whole-brain 3D T1-weighted spoiled gradient recalled echo sequence was applied to obtain sagittal slices with 1 mm in-plane resolution. Slice thickness was 1 mm on Siemens scanners and 1.4--1.8 mm on GE scanners, due to the width of the subject's head and the 124 slice number limit of the GE scanners. To provide additional data for use in automated multispectral tissue classification and segmentation, a dual contrast, proton density--and T2-weighted acquisition with an optimized 2D multislice (2 mm) dual echo fast spin echo sequence was obtained in the axial plane parallel to the anterior commissure posterior commissure line.
Where feasible, children who were unable to complete the scanning protocol successfully were scanned with a ''fallback'' protocol consist ing of shorter 2D acquisitions (Table 2) . Following a careful statistical check to assure that the inclusion or exclusion of the fallback scans did not significantly modify associations between structural volumes and the demographic characteristics that guided sample selection, these scans were included in the analyses reported here. Of the total sample, 9.9% (n = 34) of participants contributed T1W or T2W fallback scans, 9.3% (n = 32) contributed both T1W and T2W fallback scans.
MRI Analysis
Following visual inspection of the data at the scanner, the scans were transferred to the DCC, where further quality control assessments using 3D display software were implemented to insure completeness of data transfer, protocol compliance, checks for motion, signal-to noise ratio, magnetic susceptibility and other artifacts, resulting in a sample size of 401. The multimodal data collected from each subject were submitted to a series of image preprocessing steps to minimize these artifacts. First, any multislice data that were distorted by interpacket misregistration were re-registered, realigned and resampled onto a 1-mm isotropic grid (Gedamu et al. 2008) . Each modality (T1, T2, and PD) was corrected in native space for 3D intensity nonunifor mity using the N3 method (Sled et al. 1998) . The intensity ranges of all volumes were trimmed and normalized to range 0--100 by a linear mapping of the 99.8th percentile to 100 and the 0.02th percentile to zero.
For each subject, a mutual information--based registration procedure was used to compute the rigid body transformation mapping the multiecho T2/PD volume onto the T1 volume. All data were normalized into the Talairach-like MNI stereotaxic space (Collins et al. 1994 ) in order to account for differences in position, orientation, and size of each subject's brain in the native scans. Although making brain sizes more comparable, the stereotaxic transformation did not, however, equate them across subjects. The T1 volume for each subject visit was mapped linearly to the stereotaxic space defined by the ICBM152 nonlinear average template using the ''mritotal'' program from the ''mni_autoreg'' software package (packages.bic.mni.mcgill.ca) with a 9-parameter transformation (3 translations, 3 rotations, and scales; Collins et al. 1994 ). The ''mritotal'' program determined the 9 d transformation parameter values that maximized the cross-correlation intensity between the subject's T1 volume and the ICBM152 template. The native T1 volume was resampled using a trilinear resampling kernel onto a standard 1-mm 3 isotropic 181 3 217 3181 grid defined in MNI stereotaxic space. The T2-to-T1 transformation was composed with the T1 stereotaxic transformation and mapped the T2 and PD volumes to the MNI stereotaxic space to yield a voxel-by-voxel transformed T1 volume.
Once in MNI stereotaxic space, a brain extraction tool was used to create a mask of the average of the T1, T2, and PD volumes for each subject visit to remove extracerebral tissue (Smith 2002) . The com bination of the 3 volumes resulted in more robust segmentations than when using the T1 volume alone. The mask covered the entire cerebrum, cerebellum, and brainstem, ending at the foramen magnum. A tissue label, either white matter (WM), gray matter (GM), or cerebrospinal fluid (CSF), was assigned to each voxel within the brain mask using the Intensity Normalized Stereotaxic Environment for the Classification of Tissue program (Zijdenbos et al. 2002; Cocosco et al. 2003) , using predefined locations in stereotaxic space to identify likely samples of each tissue type. The approach to tissue classification was thus driven primarily by the expected locations of GM and WM tissues and CSF and was more robust than methods that use a standard intensity range. Although the standard GM, WM, and CSF sampling coordinates were derived from adult subjects, they were transformed to the younger subjects' MRI scans, yielding less-biased results. After a pruning process (Cocosco et al. 2003) , the samples were processed by a neural net classifier to identify GM, WM, and CSF within the intracranial cavity. Total brain volume (TBV) was defined as the sum of whole-brain GM and whole-brain WM volume, including the cerebrum, cerebellum, and brainstem (ending at the foramen magnum).
Although the preceding well-established methodology has been widely used in the analysis of structural brain data from pediatric subjects, changes in MR signal intensity associated with brain maturation may have affected the likelihood of a structure being classified as GM or WM. It is plausible that immature WM may have a signal intensity that increases the likelihood of its classification as GM such that a reported decrease in GM volume may reflect a change in the size of an immature WM compartment that has been misclassified as GM. The use of the terms ''GM'' and ''WM'' volumes in the remainder of this paper refers to the above operational definitions, while acknowl edging that immaturities of WM development may have affected these tissue classifications.
Brain structure segmentation was achieved with Automatic Nonlinear Image Matching and Anatomical Labeling (Collins et al. 1995; Collins and Evans 1997) . The registration-based stereotaxic strategy aligned a subject's transformed T1 volume nonlinearly to a prelabeled template using a multiscale approach. The anatomical labels were then mapped through the inverse of the recovered transformation from the template onto the subject's data in the MNI stereotaxic space. The intersection of these regions with the GM, WM, and CSF tissue classes was then used to identify individual structures. These structures included the left and right frontal, temporal, parietal and occipital lobes, lateral ventricles; thalamus (dorsal thalamus), caudate (head and body), putamen, globus pallidus, cerebellum as well as brainstem. The caudate volume did not include the tail, due to the limited reliability of small-structure segmentation of 1-mm 3 1.5-T data. Four whole-brain, regionally segmented images collected from 2 males and 2 females scanned at 5 and 14 years of age are provided as Supplementary Data. The linear scaling factors estimated in the initial linear stereotaxic transformation were used to recover the native volumes for each structure.
Each step of the image processing pipeline was evaluated qualita tively. For example, ICC masking failed if part of the bone marrow, skull, or optic nerve was included. Stereotaxic registration failed if the orientation, position or size was inappropriate. T2/PD to T1 registration failed if the CSF visible in the T2 image did not line up perfectly with the sulci on the T1 data. Nonlinear registration (and the resulting segmentation) failed if the nonlinearly resampled data did not align well with the template or if the segmented lobe borders did not fall in line with the appropriate sulci or the segmented basal ganglia did not align with the borders of the corresponding structures on the subject's MRI. Of the 401 complete (T1/T2/PD) individual data sets submitted to the multistep image processing pipeline, 76 failed to meet image quality control standards for one or more steps in the pipeline, resulting in a sample size of N = 325 for the present report.
Biostatistical Analysis
Initial descriptive statistics by age and sex were generated based on native, unadjusted brain volume measurements. Preliminary analyses revealed large differences in the variances of regional volumes (P < 0. 0001, Bartlett's T), which were proportional to regional means for all structures (Pearson's r > 0.90). The coefficient of variation (CV), defined as the standard deviation (SD) expressed as a percentage of the mean (CV = SD/mean 3 100), was therefore used as the measure of variability to permit comparisons of variability across brain structures on the same scale (Lange et al. 1997; Van Belle and Fisher 2004) .
Mixed-effects models (Laird and Ware 1982; Lange and Laird 1989; Venables and Ripley 2002) were applied to evaluate the simultaneous effects of age, sex, AFI, parental education, and BMI on brain volumes. The simultaneous inclusion of variables that could potentially influence brain volumes provides greater precision in the estimates of the effects of each of these predictors. Race and ethnicity were not included in these models because many cell occupancies were too small to yield reliable estimates. TBV served as a covariate for the analysis of regional brain volumes, and hemisphere/side (left vs. right) as a within-subject repeated measure under a compound symmetric variance--covariance structure for the volumes of the 4 lobes, lateral ventricles, subcortical GM and cerebellum. Linear models without random effects were employed for TBV, whole-brain GM, whole-brain WM, and brainstem volumes. The best-fitting yet simplest model for each structure was obtained by uniform application of the Akaike Information Criterion (AIC; Akaike 1974) across all structures. A testwise false-positive error rate was set at 0.05, thus controlling for potential experimentwise errors. All data analysis was performed in R version 2.10.1 (12/14/09 build; http://www.rproject.org/foundation/main.html), whose results are equivalent to those produced by SAS.
Based on reported effect sizes (Lange et al. 1997) , we estimate that our sample size (N = 325) had probative power of at least 80% to detect regional age-and sex-related variation in all measured structures at all ages at a false-positive error rate of 5%. Table 3 provides average native volumes (not adjusted for TBV) and coefficients of variation for key structures. Considerable variability in the volumes was seen across measures with the lateral ventricles showing the highest volumetric variability. Figure 1 displays individual data points and best-fitting age curves separately for males and females for all regional volumes without consideration of any other covariates. Table 4 shows volumes for each year of age for males and females, represented as a percentage of the averaged 17-to 18-year value. Because of the sparse numbers of individuals in some cells, these values are more uneven across the age range than the fitted curves shown in Figure 1 . Nonetheless, general patterns can be discerned consistent with the fitted curves.
Results

Descriptive Statistics
For males, the best-fitting models of age-related changes in brain volumes were predominantly linear. Linear volumetric relationships were seen for TBV, whole-brain WM, frontal lobe WM, parietal lobe GM and WM, temporal lobe GM and WM, occipital lobe GM and WM, the caudate, putamen, and lateral ventricles. The best-fitting models were curvilinear (quadratic, in the shape of an inverted-U curve) for whole-brain GM, subcortical GM, frontal lobe GM, thalamus, globus pallidus, cerebellum, and brainstem. No additional or higher-order associations were found.
For females, age-related changes were more predominantly quadratic, also in the shape of an inverted-U curve. Linear volumetric relationships were seen for occipital GM, parietal WM, putamen, globus pallidus, and the lateral ventricles. Quadratic volumetric relationships were seen for TBV, whole-brain GM and WM, frontal WM, temporal GM and WM, parietal GM, occipital WM, subcortical GM, thalamus, caudate, cerebellum, and brainstem. No additional or higher-order associations were found.
Multiple Regression Analyses
The multiple regression models provided the best estimate of age and other associations because they adjusted simulta neously for the additional measured sources of variance available. Table 5 summarizes the results of the mixed models that considered covariances by age, sex, and hemisphere simultaneously in a group analysis. To simplify viewing, only estimates (regression coefficients) that were statistically significant are listed in the table. The initial set of models also included parental education, AFI, and BMI. Preliminary analyses indicated that AFI and parent education had no significant relations with any regional brain volume (P values ranged from 0.27 to 0.98). These were therefore dropped from the final models. Recruitment and scan site (PSC) was also entered in the models to evaluate potential variation associated with scanning devices, but this variable was also found to be statistically insignificant and was dropped from the final models. Although fallback scans were more prevalent in younger children, this interaction, when added to the multivari able model, did not change the coefficients in Table 5 significantly and was dropped. The models were constructed such that female volumes were designated as the baseline reference volume with subsequent coefficients indicating the percent increase or decrease relative to that baseline. For structures for which separate hemispheric volumes were available, female right hemisphere volume was designated as an arbitrary baseline reference, relative to which the coefficients indicate percent increase or decrease. Thus, for example, for parietal GM, the Hemisphere estimate (0.73) in dicates that the left hemisphere volume was increased relative to the right by 0.73%. In addition, there is also a significant Sex by TBV interaction and a significant Sex by Hemisphere interaction, indicating that the male left parietal GM is larger still by another estimated 1.06%, less 0.02% after adjusting for TBV. Thus, the effects of multiple factors are considered simultaneously.
Higher-order terms were also tested in the models to evaluate potential nonlinear relationships between age and specific volumes. Thus, where a quadratic age term (Age 2 ) appears in Table 5 , the relationship to age is not a simple linear function, but a curvilinear one (inverted-U shaped), similar to the shapes seen in Figure 1 . Interactions between sex and the quadratic term were tested, but were not found to be statistically significant, even though different trajectories were fitted for the 2 sexes for all structures. The model selection criterion (the AIC) found that these interactions were less important than those included in the table based on best-fitting simplest models that included and excluded these coefficients. Higher-order polynomial terms were also tested, but none were found to be statistically significant. Table 5 can be used to estimate normative volumes for specific regional structures when age, sex, TBV, and BMI are known. In the example shown below, we estimate the left temporal lobe GM volume of a healthy male 18.0 years of age with TBV of 1400 cm 3 and a BMI of 22.2. Note that no term is included for sex because it was not a significant predictor of temporal lobe GM following adjustment for TBV. The findings displayed in Table 5 are summarized below. Only findings that are statistically significant are addressed. Probability levels for statistical significance are indicated in the table by asterisks.
Male left temporal lobe GM volume
Total Brain Volume
As shown in Table 5 , the mean TBV for males exceeded that of females by 10.28% overall. TBV increased by 2.03% per year in cross-sectional age (P < 0.05), offset by the significant decrease in TBV by quadratic age of -0.09% (P < 0.05), reflecting a curvilinear, age-related increase and then decrease (inverted U) in TBV across the age range. Whole-brain GM volume declined at approximately 6.56 cm 3 per year of a ge, whereas w hole-brain W M increased b y 6.49 cm 3 per year of age throughout the age range. Figure 1 . Individual data points and best-fitting cross-sectional age curves for males and females separately for all regional volumes without consideration of any other covariates.
d Reference volume includes left and right hemispheres. *P \ 0.05, ** P \ 0.01, *** P \ 0.001.
Regional Brain Volumes TBV, hemisphere, age, BMI, and to a lesser extent sex were all associated with variation in regional brain volumes when considered simultaneously in the context of the multivariable model. All regional volumes were positively correlated with TBV. The largest such association emerged for the lateral ventricles (0.16%). Coefficients were larger for lobar GM (0.08%) and WM (0.09%) than for subcortical GM structures (0.05%).
Age
As expected, after adjusting for TBV, lobar GM declined across age, by an estimated 1.11% per year of age, whereas lobar WM increased by an approximate 1.54% per year of age. There was more variability across relative regional lobar volumes for GM than WM. For GM, the age-related declines were far more prominent in the parietal and occipital cortex than in the frontal and temporal cortex. In contrast, for lobar WM, the rate of volumetric increase with age was relatively more consistent across structures, ranging from 1.37% (frontal) per year of age to 2.14% (occipital). Age-related change was not detected, however, for the total subcortical GM or for the lateral ventricles. This summary measure of subcortical structures, however, masks an age-related increase for the thalamus and decreases for the caudate and globus pallidus. Although the age estimate for the ventricles was relatively large (0.98%), it failed to reach a level of statistical significance, presumably because of the high degree of interindividual variation, as indicated by the very large CV, shown in Table 4 .
Sex
As noted previously, the most prominent finding with respect to sex was that TBV was approximately 10% larger in males than in females. The absence of a sex by age interaction suggests that this difference was relatively constant across the age range. All sex effects on regional volumes are reported after adjusting for TBV. Occipital GM volumes were larger by an estimated 3.2% in males relative to females. A sex difference in the putamen was especially striking, with the male volume larger by >5%. The cerebellum was approximately 2% greater in volume in males. There were also several small interactions of sex with TBV (Table 5) .
Hemispheric Asymmetry
Significant hemispheric asymmetries were seen in both lobar and subcortical volumes. The frontal and temporal lobes showed a rightward GM asymmetry, whereas the parietal and occipital lobes showed a leftward GM asymmetry. The leftward asymmetry of occipital GM was especially pronounced, by approximately 5%. For lobar WM, there was a rightward asymmetry in the temporal lobe, in contrast to the leftward asymmetry seen for other lobar volumes.
Asymmetries were also seen in subcortical GM structures, most of which showed leftward asymmetry, the exception being the putamen, which was larger on the right. The asymmetry was most pronounced for the globus pallidus, by approximately 5%. Finally, the left lateral ventricle was larger than the right, by nearly 6%.
There were a few interactions between sex and hemisphere, but no significant interactions were found between age and hemisphere, suggesting that these asymmetries are relatively stable across the age range. A leftward parietal GM asymmetry was seen in both males and females but was more pronounced in males, as indicated by the significant sex 3 hemisphere interaction. The putamen showed a significant rightward asymmetry, which was more pronounced in males.
Body Mass Index
There were small but statistically significant and consistent associations of BMI with tissue-specific lobar brain volumes. A higher BMI was associated with smaller GM volumes and larger WM volumes, across age and sex, without any net impact on TBV. The largest such association was for occipital GM (-0.51%), but the association for occipital WM failed to reach statistical significance. BMI was not associated with variations in any other volumes.
Discussion
This study is, to our knowledge, the first pediatric MRI study to implement a population-based sampling strategy to generate unbiased estimates of global and regional brain volumes in a large sample of healthy children and adolescents, ages 4--18 years. It is also the first to examine comprehensively the effects of key socioeconomic indicators on healthy brain volumetric develop ment and the first to report the effects of BMI on brain volumes in healthy children. We describe and quantify associations with age and sex for global brain volumes, regional brain volumes, and hemispheric asymmetries, as measured by multispectral MRI in conjunction with an automated processing pipeline, strict quality control, and a well-established biostatistical model. There were minimal cross-sectional age-related differences in TBV within the 4-to 18-year-old age range, larger TBVs in males, age-related decreases in cerebral GM, concomitant increases in WM, and more prominent age-related differences in cortical structures and the cerebellum relative to subcortical structures. Salient leftward asymmetries ( >1% of TBV) were seen in occipital GM, occipital WM, temporal WM, caudate, and globus pallidus, whereas a prominent rightward asymmetry was seen in temporal lobe GM. Neither of the 2 socioeconomic indicators examined here, AFI or parental education, was significantly related to the volumetric brain measures examined in this healthy pediatric sample. BMI index was inversely related to cerebral GM volumes and positively related to cerebral WM volumes, with no net effect on overall brain volume. We now discuss these findings in more detail.
TBV showed a very small, curvilinear pattern of association across the age range, first increasing and then decreasing very slightly, consistent with some previous reports (e.g., Giedd et al. 1996; Sporn et al. 2003; Lenroot et al. 2007 ). Thus, most of the increase in global brain volume has already occurred by approximately age 5, or early school age. TBV was approximately 10% greater in males than in females across the age range, also consistent with both the pediatric (Caviness et al. 1996; Giedd et al. 1996 Giedd et al. , 1999 Reiss et al. 1996; Lange et al. 1997; Kennedy et al. 1998 ) and adult (Cosgrove et al. 2007) literature. There is evidence that males, at birth, have approximately 9% larger intracranial volumes (including 10% more cortical GM and 6% more cortical WM) than do females (Gilmore et al. 2007 ), thus extending this sexual dimorphism to younger age ranges.
All regional volumes were significantly correlated with TBV, necessitating adjustment for overall brain size when making regional, and particularly male--female, comparisons. After such adjustment, considerable variability among regional volumes remained. Associations with TBV were generally larger for lobar GM and WM than for subcortical GM structures. Thus, linear stereotaxic normalization may obscure true, though subtle, relationships between regional, particularly cortical, measures and brain size, particularly during development.
Following adjustments for TBV, there were few sex differ ences, consistent with some, but not all (Sowell et al. 2002) , earlier reports in children (Caviness et al. 1996; Giedd et al. 1996; Lange et al. 1997; Kennedy et al. 1998) and with data in adults (Luders et al. 2002) . Thus, many reported sex differences may actually reflect differences in brain size. Only the relative volumes of occipital GM, putamen, and cerebellum differed significantly by sex, all larger in males. Some of these effects are consistent with prior reports (e.g., Giedd et al. 1996 reported larger putamen in males), but other previously reported sex differences were not detected. Among these nonreplicated findings are reports of proportionally larger GM volumes in females involving the frontal lobe (Lenroot et al. 2007 ) and the caudate (Giedd et al. 1996; Wilke et al. 2007 ). Inconsistencies likely arise from the high interindividual and interstudy variability seen across similar efforts, differences in the specific regional measures examined, sampling design, biostatistical models applied, and other methodological issues. The deter minants and implications of any sex-related differences in brain volumes are unclear. Few studies have examined hormonal, genetic, or experiential influences on global brain size. Neither have the functional correlates of such differences been elucidated, and indeed our cognitive data revealed few sex differences (Waber et al. 2007 ).
d Controlling for brain size may be critical when assessing variations in regional brain volumes and other cerebral measures, particularly when examining sex differences and/ or disorders associated with deviations in brain size, such as autism spectrum disorders, which are associated with early brain overgrowth (Lainhart et al. 1997; Schumann et al. 2010) , and ADHD, which is associated with smaller brain volumes (Valera et al. 2007 ). Few studies have controlled specifically and stringently for whole-brain volumes when examining regional structural variations. Sowell et al. (2007) is a notable exception, which matched a subset of subjects for brain size to confirm that sex differences identified in cortical thickness were independent of brain volume. Further allometric study of brain development in both health and neurodevelopmental disorders is warranted.
In contrast to the relative stability of TBVs, cortical GM and cerebral WM volumes showed dynamic relations with age. Global and regional GM volumes decreased and WM increased across the age range for nearly all regions reported here, in keeping with prior findings (Caviness et al. 1996; Reiss et al. 1996; Lange et al. 1997; Giedd et al. 1999) . Only the putamen and lateral ventricles failed to show a significant relationship to age. The absence of a relation of age with the lateral ventricular volumes is most likely attributable to high between-subject variability, noted elsewhere in an independent sample (Lange et al. 1997) .
When both sexes are analyzed together, most age-related associations (consisting of decreases in GM and increases in WM in most regions) were best described by linear functions, with curvilinear functions observed for TBV, parietal WM, thalamus, and cerebellum only. In the context of the more complex multiple regression model employed here, nonlinear relationships were less prominent than in earlier reports (Giedd et al. 1996; . Within our sample, the numbers of subjects available were more sparse at the youngest and oldest ages, potentially limiting our ability to detect nonlinear relationships, as the identification of more complex functions requires more data points and parameters than those needed to fit simple linear functions (Van Belle and Fisher 2004) . The observed trajectories did vary to some extent by sex; females tended to show curvilinear functions more often than did males. These sex differences merit further investigation using forthcoming longitudinal data from this sample. If confirmed, these sex differences should be explored in relationship to genetic, pubertal, and hormonal variables.
After adjusting for TBV, lobar GM declined across crosssectional age by an estimated 1.11% per year of age, whereas lobar WM increased linearly by 1.54% per year. Age-related associations with GM were more variable across regions than those for WM. Declines in GM volumes were more prominent in parietal and occipital cortex than in frontal and temporal cortex, in keeping with a posterior-to-anterior sequence of maturation. In contrast, lobar WM showed a relatively consis tent increase across lobar regions, except for the parietal lobe, ranging from 1.37% (frontal) to 2.14% (occipital) increase per year. These associations are generally consistent with previous reports (Giedd et al. 1996 (Giedd et al. , 1999 Reiss et al. 1996; Sowell et al. 2002; Wilke et al. 2007) .
The increases in WM and concurrent decreases in GM are consistent with progressive myelination and thinning of the cortical mantle reported from postmortem studies (Huttenlocher and Dabholkar 1997) . The concomitant decreases in GM may reflect synaptic pruning. Although subcortical GM taken as a whole was not significantly associated with age, a substantial age-related increase was seen for the thalamus, along with smaller but statistically significant decreases for the caudate and globus pallidus. Overall, the relationship of age to volumes of the subcortical GM structures was more attenuated relative to the lobar volumes, reflecting a more protracted develop mental course of cortical regions, despite the involvement of the basal ganglia in higher-order cognitive functions (Mid dleton and Strick 2000) . In contrast with a previous report (Giedd et al. 1996) , the cerebellum showed large volumetric increases through approximately age 11 years. Whether these various age-related differences in volumes also reflect varying capacities for experience-driven plasticity is unknown.
Hemispheric asymmetries were present in nearly every regional volume. Most reflected a larger volume on the left. Particularly salient were the leftward asymmetries of the occipital lobe, especially its GM, and temporal lobe WM, consistent with torque (the opposing tendency of the left posterior/right anterior brain to protrude further than its contralateral counterpart; LeMay 1976; Lancaster et al. 2003) . Additional prominent leftward asymmetries were seen in the caudate and globus pallidus. Some leftward hemispheric asymmetries reported here contrast with an earlier report (Giedd et al. 1996) of rightward hemispheric asymmetries for the 4-to 18-year-old age range. Few studies have related global asymmetries to more local asymmetries or investigated their functional significance. However, a recent study reported a positive relationship of torque to asymmetries of the planum temporale (Barrick et al. 2005 ), shown to be related to handedness and language lateralization (Preis et al. 1999) .
In contrast to these leftward asymmetries, temporal lobe GM showed a prominent rightward asymmetry, consistent with findings in adults (Jack et al. 1989 ) and the tendency of the Sylvian fissure to course upward posteriorly at a steeper angle on the right than on the left, although this asymmetry may be less pronounced in children than in adults (Sowell et al. 2001 ). Although such studies have primarily involved adults, alter ations in cerebral asymmetries have been reported in neuro developmental disorders such as dyslexia (Zadina et al. 2006) , schizophrenia (Sharma et al. 1999) , and autism (Lange et al. 2010a ) and thus may hold clinical significance.
There were no significant interactions between asymmetry and age, suggesting that these volumetric asymmetries are relatively stable across the age range. The only interactions of these asymmetries with sex involved parietal GM, which showed a more pronounced leftward asymmetry in males than in females, and the putamen, which showed a more pro nounced rightward asymmetry. Although speculative, the enhanced parietal asymmetry in males may be related to sex differences in certain visuospatial skills (Wolbers and Hegarty 2010) .
Socioeconomic indicators (family income and parental education) were not associated with variations in brain volumes in our analysis, consistent with a prior analysis indicating that total and regional brain volumes do not mediate the association between parental education and IQ in this sample (Lange et al. 2010b) . Although there are scattered reports in which associations between socioeconomic variables and structural brain development have been examined, these have generally been in the context of studies designed to address specific circumscribed brain structures in small samples of limited age range (Eckert et al. 2001; Raizada et al. 2008 ). To our knowledge, the present study is the first to conduct a comprehensive examination of regional and wholebrain volumes in relation to socioeconomic indicators in a large normative pediatric sample.
Socioeconomic status is a complex construct that has been associated with variation in life stress, social status, and neighborhood quality, as well as in child health and de velopment (Evans and Kantrowitz 2002; Hackman and Farah 2009) . Such associations likely reflect the combined and interactive influences of numerous environmental and bi ological influences, including genetic and epigenetic factors, whose effects may vary across the course of development.
Our stringent inclusion and exclusion criteria may also have contributed to the absence of association between socioeco nomic indicators and volumetric MRI measures because the rate of health-based exclusions was significantly higher for lower-income participants in our study (Waber et al. 2007 ). This pattern is consistent with the higher rates of morbidity, including psychiatric morbidity, typically observed in lowerincome populations (Kessler et al. 1994; Muntaner et al. 1998; Mackenbach et al. 2008 ). Indeed, a large proportion of lowincome children who did not meet criteria for the study were excluded on the basis of elevated levels of behavioral symptoms, attention problems (as measured by the CBCL) being frequent. Certain family factors that were exclusionary criteria for our study, such as smoking and psychopathology in first-degree relatives, are also more prevalent in less welleducated individuals (Giovino 2002) .
A novel finding was a relatively small but consistent association between BMI and tissue-specific lobar brain volumes, adjusted for all other covariates, including family income and parental education. Twelve percent of the sample was classified as obese by recent childhood norms, but none had diabetes or other diseases associated with obesity. An additional 14% were classified as overweight. Both of these percentages are lower than those observed by Singh et al. (2010) for US children in 2007, who reported a 16% obesity and 32% overweight rate for children from birth through 17 years in a large survey. Higher BMI was associated with decreased whole-brain and lobar GM and increased wholebrain and lobar WM volumes, with no net effect on TBV and no effect on subcortical GM structures, cerebellum, or brainstem. BMI findings here are similar to those reported in healthy adults, including elderly adults, which document negative associations between BMI and GM volumes in various cortical regions (Pannacciulli et al. 2006; Gunstad et al. 2008; Taki et al. 2008) . Obesity has also been associated with increases in WM volume in some studies (Walther et al. 2010) , an effect reported to be at least partially reversible with dieting (Haltia et al. 2007) , suggesting that some such effects are malleable. The present findings, derived from a very well-documented population-based sample, indicating that associations between BMI and brain structure are present in childhood and adolescence, are provocative. The significance of these associations, in particular their functional significance, warrants further investigation.
Limitations
The relationships of brain volumes to age and sex described here are based on cross-sectional data and await refinement in future analyses of the complete, longitudinal data set. With respect to socioeconomic status, our recruitment relied on family income alone as a proxy and recruited from largely urban areas surrounding major medical centers, thereby excluding rural participants. Despite our rigorous geocoding recruitment strategy, the resulting parental educational levels were higher than expected, perhaps limiting extrapolation to less well-educated low-income populations.
Conclusions
Data from this normative longitudinal pediatric database pro vide a reference for studies of both healthy brain development and a wide range of brain disorders affecting children and adolescents. This report provides an analysis of volumetric data from the first cross-sectional time point for the NIH MRI Study of Normal Brain Development, which will serve as a reference for future users. Volumetric data from this time point replicate and further quantify several prior findings in healthy pediatric samples of decreasing GM, increasing WM, relatively stable TBVs, and greater age-related variance in lobar structures relative to subcortical structures across the 4-to 18-year-old age range. Male brains were approximately 10% larger than female brains across the age range and largely accounted for sex differences in regional brain volumes. Other specifics, however, such as the shape (linear vs. curvilinear) of several age-related functions, some sex and age relationships, and identified asymmetries differed from prior reports. Neither family income nor parental education was significantly associ ated with variations in the brain volumes examined here. However, BMI was inversely related to lobar (but not subcortical) GM volumes and positively associated with WM volumes. Further longitudinal and multimodal analyses will refine and expand on these findings and relate them to measures of cognitive and behavioral functioning.
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